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The oblique impact of a liquid droplet onto a deep liquid pool is studied numerically with the
adaptive volume-of-fluid solver Basilisk. The splashing threshold, cavity formation, cavity evolution
and the maximum cavity dimensions are quantified as a function of the Weber number and the
impact angle. We compare the numerical results with recent experimental work by Gielen et al.
[Phys. Rev. Fluids 2, 083602 (2017)]. Similarly to the experimental results, three different impact
regimes are observed: deposition of the droplet onto the pool, single-sided splashing in the direction
of the impact and splashing in all directions. We show good qualitative and quantitative agreement
of the splashing behaviour and cavity formation between the simulations and the experiments.
Furthermore, the simulations provide a three dimensional view of the impact phenomenon, give
access to velocity and pressure fields, and allow to explore impact parameters that are hard to
achieve experimentally.
I. INTRODUCTION
The impact of a liquid droplet onto a deep liquid pool induces a broad range of fascinating physical phenomena
[1]. Droplets impacting with a low velocity coalesce with the pool directly or undergoes a coalescence cascade [2–6].
Higher impact velocities induce the ejection of a sheet above the pool surface [7–9], which upon breakup could result
in a splash [10–14]. During impact a cavity develops below the pool surface [15–17]. The collapse of this cavity
[18–20] in combination with capillary wave dynamics can result in bubble entrapment [21–23], the formation of a fast
microjet [24, 25] and a Worthington jet [26].
The vast majority of droplet impact studies in the literature have considered perpendicular impacts. However,
in many practical situations droplets do not impact perpendicularly but under an angle, i.e. obliquely. Examples
range from rain impact in nature [27, 28] to impact on turbine blades [29], tin catching devices in extreme ultraviolet
lithography machines [30] and spray cooling [31] in industry. Precise control of the impact behaviour is key to
optimizing these industrial applications in order to prevent damage or contamination.
Recently, the regimes of oblique droplet impact onto deep liquid pools [13, 32, 33], moving films [34, 35] and
inclined surfaces [36, 37] have been studied experimentally. Furthermore, over the past decades there has been
extensive research into analytic modeling of oblique high-velocity impacts onto a inviscid liquid pool [38]. Although
these analytic methods allow for a thorough understanding of the early time evolution of e.g. the ejecta sheet [39–42],
numerical studies are required to capture the full impact dynamics.
Most numerical studies so far focused on droplet impact on thin liquid films [43–46], wet walls [47–49], perpendicular
impact onto deep liquid pools [11, 50–52] or bubble entrainment by impacting droplets [11, 21, 53]. Ray et al. [54]
numerically studied the coalescence and splashing regimes for droplets impacting a deep and shallow liquid pool under
an impingement angle. As these authors performed two-dimensional simulations, they were only able to capture basic
impact features.
In this work we present a three-dimensional (3D) numerical study of oblique droplet impact onto a deep liquid pool
using the open-source volume-of-fluid solver Basilisk [55]. The numerical results are compared to recent experimental
results by Gielen et al. [13] and show that the method is able to capture the impact dynamics with excellent accuracy.
Details of the numerical setup are provided in section II. In section III the simulation results are discussed and
compared with the experimental results. In section IV we discuss and conclude this work.
II. NUMERICAL SETUP
To solve the 3D incompressible Navier-Stokes equations together with the Volume of Fluid (VOF) method to
support two-phase flow, we employ the parallelized octree-adaptive numerical method Basilisk [55]. Basilisk is the
successor of the Gerris flow solver and has been extensively validated on problems regarding two-phase complex flows
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<latexit sha1_base64="R2avtS9rpAxnVMkAgVf4C14rDzw=">AAAB+3icbVBNT8JAFNziF+IXytHLRmLiiRRjot6IXjxiIkICDdkur7Bhu212X41Ng3/Fiwc1Xv 0j3vw3LtCDgnOazLyXN2/8WAqDrvvtFFZW19Y3ipulre2d3b3y/sG9iRLNocUjGemOzwxIoaCFAiV0Yg0s9CW0/fH11G8/gDYiUneYxuCFbKhEIDhDK/XLlR7CI2ah0DrSNJZMwaRfrro1dwa6TOo5qZIczX75qzeIeBKCQi6ZMd26G6OXMY2CS5iUeomBmPExG0LXUsVCMF42Cz+hx1YZ0MBeDyKFdKb+3shYaEwa+nYyZDgyi95U/M/rJ hhceJlQcYKg+PxQkEiKEZ02QQdCA0eZWsK4FjYr5SOmGUfbV8mWUF98eZm0TmuXNff2rNq4ytsokkNyRE5InZyTBrkhTdIinKTkmbySN+fJeXHenY/5aMHJdyrkD5zPH+ZnlSA=</latexit><latexit sha1_base64="R2avtS9rpAxnVMkAgVf4C14rDzw=">AAAB+3icbVBNT8JAFNziF+IXytHLRmLiiRRjot6IXjxiIkICDdkur7Bhu212X41Ng3/Fiwc1Xv 0j3vw3LtCDgnOazLyXN2/8WAqDrvvtFFZW19Y3ipulre2d3b3y/sG9iRLNocUjGemOzwxIoaCFAiV0Yg0s9CW0/fH11G8/gDYiUneYxuCFbKhEIDhDK/XLlR7CI2ah0DrSNJZMwaRfrro1dwa6TOo5qZIczX75qzeIeBKCQi6ZMd26G6OXMY2CS5iUeomBmPExG0LXUsVCMF42Cz+hx1YZ0MBeDyKFdKb+3shYaEwa+nYyZDgyi95U/M/rJ hhceJlQcYKg+PxQkEiKEZ02QQdCA0eZWsK4FjYr5SOmGUfbV8mWUF98eZm0TmuXNff2rNq4ytsokkNyRE5InZyTBrkhTdIinKTkmbySN+fJeXHenY/5aMHJdyrkD5zPH+ZnlSA=</latexit><latexit sha1_base64="R2avtS9rpAxnVMkAgVf4C14rDzw=">AAAB+3icbVBNT8JAFNziF+IXytHLRmLiiRRjot6IXjxiIkICDdkur7Bhu212X41Ng3/Fiwc1Xv 0j3vw3LtCDgnOazLyXN2/8WAqDrvvtFFZW19Y3ipulre2d3b3y/sG9iRLNocUjGemOzwxIoaCFAiV0Yg0s9CW0/fH11G8/gDYiUneYxuCFbKhEIDhDK/XLlR7CI2ah0DrSNJZMwaRfrro1dwa6TOo5qZIczX75qzeIeBKCQi6ZMd26G6OXMY2CS5iUeomBmPExG0LXUsVCMF42Cz+hx1YZ0MBeDyKFdKb+3shYaEwa+nYyZDgyi95U/M/rJ hhceJlQcYKg+PxQkEiKEZ02QQdCA0eZWsK4FjYr5SOmGUfbV8mWUF98eZm0TmuXNff2rNq4ytsokkNyRE5InZyTBrkhTdIinKTkmbySN+fJeXHenY/5aMHJdyrkD5zPH+ZnlSA=</latexit>
⇢air
<latexit sha1_base64="cMwVEUJ0YCOz0f+bBVhJnKT3QGo=">AAAB+XicbVB NS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhbaEDbbTbt0kw27E7XE/BQvHlS8+k+8+W/ctjlo64OBx3szzMwLU8E1OM63tbS8srq2Xtmobm5t7+zatb07LTNFmUelk KoTEs0ET5gHHATrpIqROBSsHY6uJn77ninNZXIL45T5MRkkPOKUgJECu9ZTQxnkPWCPkBOuiiKw607DmQIvErckdVSiFdhfvb6kWcwSoIJo3XWdFPycKOBUsKLayz RLCR2RAesampCYaT+fnl7gI6P0cSSVqQTwVP09kZNY63Ecms6YwFDPexPxP6+bQXTu5zxJM2AJnS2KMoFB4kkOuM8VoyDGhhCquLkV0yFRhIJJq2pCcOdfXiTeSeO i4dyc1puXZRoVdIAO0TFy0RlqomvUQh6i6AE9o1f0Zj1ZL9a79TFrXbLKmX30B9bnD67olHk=</latexit><latexit sha1_base64="cMwVEUJ0YCOz0f+bBVhJnKT3QGo=">AAAB+XicbVB NS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhbaEDbbTbt0kw27E7XE/BQvHlS8+k+8+W/ctjlo64OBx3szzMwLU8E1OM63tbS8srq2Xtmobm5t7+zatb07LTNFmUelk KoTEs0ET5gHHATrpIqROBSsHY6uJn77ninNZXIL45T5MRkkPOKUgJECu9ZTQxnkPWCPkBOuiiKw607DmQIvErckdVSiFdhfvb6kWcwSoIJo3XWdFPycKOBUsKLayz RLCR2RAesampCYaT+fnl7gI6P0cSSVqQTwVP09kZNY63Ecms6YwFDPexPxP6+bQXTu5zxJM2AJnS2KMoFB4kkOuM8VoyDGhhCquLkV0yFRhIJJq2pCcOdfXiTeSeO i4dyc1puXZRoVdIAO0TFy0RlqomvUQh6i6AE9o1f0Zj1ZL9a79TFrXbLKmX30B9bnD67olHk=</latexit><latexit sha1_base64="cMwVEUJ0YCOz0f+bBVhJnKT3QGo=">AAAB+XicbVB NS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhbaEDbbTbt0kw27E7XE/BQvHlS8+k+8+W/ctjlo64OBx3szzMwLU8E1OM63tbS8srq2Xtmobm5t7+zatb07LTNFmUelk KoTEs0ET5gHHATrpIqROBSsHY6uJn77ninNZXIL45T5MRkkPOKUgJECu9ZTQxnkPWCPkBOuiiKw607DmQIvErckdVSiFdhfvb6kWcwSoIJo3XWdFPycKOBUsKLayz RLCR2RAesampCYaT+fnl7gI6P0cSSVqQTwVP09kZNY63Ecms6YwFDPexPxP6+bQXTu5zxJM2AJnS2KMoFB4kkOuM8VoyDGhhCquLkV0yFRhIJJq2pCcOdfXiTeSeO i4dyc1puXZRoVdIAO0TFy0RlqomvUQh6i6AE9o1f0Zj1ZL9a79TFrXbLKmX30B9bnD67olHk=</latexit>
⇢liq
<latexit sha1_base64="spc3J693uk/7pLoFn8EBlff+0Gc=">AAAB+XicbVB NS8NAEN3Ur1q/Uj16WSyCp5KIoN6KXjxWMLbQhLDZbtqlmw93J2qJ+SlePKh49Z9489+4bXPQ1gcDj/dmmJkXpIIrsKxvo7K0vLK6Vl2vbWxube+Y9d1blWSSMocmI pHdgCgmeMwc4CBYN5WMRIFgnWB0OfE790wqnsQ3ME6ZF5FBzENOCWjJN+uuHCZ+7gJ7hFzwu6LwzYbVtKbAi8QuSQOVaPvml9tPaBaxGKggSvVsKwUvJxI4FayouZ liKaEjMmA9TWMSMeXl09MLfKiVPg4TqSsGPFV/T+QkUmocBbozIjBU895E/M/rZRCeeTmP0wxYTGeLwkxgSPAkB9znklEQY00IlVzfiumQSEJBp1XTIdjzLy8S57h 53rSuTxqtizKNKtpHB+gI2egUtdAVaiMHUfSAntErejOejBfj3fiYtVaMcmYP/YHx+QO+MJSD</latexit><latexit sha1_base64="spc3J693uk/7pLoFn8EBlff+0Gc=">AAAB+XicbVB NS8NAEN3Ur1q/Uj16WSyCp5KIoN6KXjxWMLbQhLDZbtqlmw93J2qJ+SlePKh49Z9489+4bXPQ1gcDj/dmmJkXpIIrsKxvo7K0vLK6Vl2vbWxube+Y9d1blWSSMocmI pHdgCgmeMwc4CBYN5WMRIFgnWB0OfE790wqnsQ3ME6ZF5FBzENOCWjJN+uuHCZ+7gJ7hFzwu6LwzYbVtKbAi8QuSQOVaPvml9tPaBaxGKggSvVsKwUvJxI4FayouZ liKaEjMmA9TWMSMeXl09MLfKiVPg4TqSsGPFV/T+QkUmocBbozIjBU895E/M/rZRCeeTmP0wxYTGeLwkxgSPAkB9znklEQY00IlVzfiumQSEJBp1XTIdjzLy8S57h 53rSuTxqtizKNKtpHB+gI2egUtdAVaiMHUfSAntErejOejBfj3fiYtVaMcmYP/YHx+QO+MJSD</latexit><latexit sha1_base64="spc3J693uk/7pLoFn8EBlff+0Gc=">AAAB+XicbVB NS8NAEN3Ur1q/Uj16WSyCp5KIoN6KXjxWMLbQhLDZbtqlmw93J2qJ+SlePKh49Z9489+4bXPQ1gcDj/dmmJkXpIIrsKxvo7K0vLK6Vl2vbWxube+Y9d1blWSSMocmI pHdgCgmeMwc4CBYN5WMRIFgnWB0OfE790wqnsQ3ME6ZF5FBzENOCWjJN+uuHCZ+7gJ7hFzwu6LwzYbVtKbAi8QuSQOVaPvml9tPaBaxGKggSvVsKwUvJxI4FayouZ liKaEjMmA9TWMSMeXl09MLfKiVPg4TqSsGPFV/T+QkUmocBbozIjBU895E/M/rZRCeeTmP0wxYTGeLwkxgSPAkB9znklEQY00IlVzfiumQSEJBp1XTIdjzLy8S57h 53rSuTxqtizKNKtpHB+gI2egUtdAVaiMHUfSAntErejOejBfj3fiYtVaMcmYP/YHx+QO+MJSD</latexit>
U
<latexit sha1_base64="RxqQx6G/q7HTV9YPHyXwtGcumcI=">AAAB53icbVBNS8NAEJ34WetX1aOXx SJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZ Wafq9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgV ZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAfZIys</latexit><latexit sha1_base64="RxqQx6G/q7HTV9YPHyXwtGcumcI=">AAAB53icbVBNS8NAEJ34WetX1aOXx SJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZ Wafq9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgV ZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAfZIys</latexit><latexit sha1_base64="RxqQx6G/q7HTV9YPHyXwtGcumcI=">AAAB53icbVBNS8NAEJ34WetX1aOXx SJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZ Wafq9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgV ZcZmU7YheIsvLxP/vHZdc5sX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwAfZIys</latexit>
(a)
<latexit sha1_base64="sLfE53yfdU 3SgX/xnFR+0oFv8BA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBahXkoqgnorevF Y0dhCG8pmO2mXbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777 RRWVtfWN4qbpa3tnd298v7Bo45TxdBjsYhVO6AaBZfoGW4EthOFNAoEtoLRzdRv PaHSPJYPZpygH9GB5CFn1FjpvkpPe+WKW3NnIMuknpMK5Gj2yl/dfszSCKVhgmr dqbuJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZATq/RJGCtb0pCZ+nsio5HW4 yiwnRE1Q73oTcX/vE5qwks/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDami zNh0SjaE+uLLy8Q7q13V3LvzSuM6T6MIR3AMVajDBTTgFprgAYMBPMMrvDnCeXH enY95a8HJZw7hD5zPH/Z0jR0=</latexit><latexit sha1_base64="sLfE53yfdU 3SgX/xnFR+0oFv8BA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBahXkoqgnorevF Y0dhCG8pmO2mXbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777 RRWVtfWN4qbpa3tnd298v7Bo45TxdBjsYhVO6AaBZfoGW4EthOFNAoEtoLRzdRv PaHSPJYPZpygH9GB5CFn1FjpvkpPe+WKW3NnIMuknpMK5Gj2yl/dfszSCKVhgmr dqbuJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZATq/RJGCtb0pCZ+nsio5HW4 yiwnRE1Q73oTcX/vE5qwks/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDami zNh0SjaE+uLLy8Q7q13V3LvzSuM6T6MIR3AMVajDBTTgFprgAYMBPMMrvDnCeXH enY95a8HJZw7hD5zPH/Z0jR0=</latexit><latexit sha1_base64="sLfE53yfdU 3SgX/xnFR+0oFv8BA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBahXkoqgnorevF Y0dhCG8pmO2mXbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777 RRWVtfWN4qbpa3tnd298v7Bo45TxdBjsYhVO6AaBZfoGW4EthOFNAoEtoLRzdRv PaHSPJYPZpygH9GB5CFn1FjpvkpPe+WKW3NnIMuknpMK5Gj2yl/dfszSCKVhgmr dqbuJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZATq/RJGCtb0pCZ+nsio5HW4 yiwnRE1Q73oTcX/vE5qwks/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDami zNh0SjaE+uLLy8Q7q13V3LvzSuM6T6MIR3AMVajDBTTgFprgAYMBPMMrvDnCeXH enY95a8HJZw7hD5zPH/Z0jR0=</latexit>
(b)
<latexit sha1_base64="+PTdbIXoM63y7CJxaVM179UKHR0=">AAAB6XicbVB NS8NAEJ3Ur1q/qh69LBahXkoqgnorevFY0dhCG8pmO2mXbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v7Bo45TxdBjs YhVO6AaBZfoGW4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1Fjpvhqc9soVt+bOQJZJPScVyNHslb+6/ZilEUrDBNW6U3cT42dUGc4ETkrdVGNC2YgOsGOppB FqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI9cWXl4l3VruquXfnlcZ1nkY RjuAYqlCHC2jALTTBAwYDeIZXeHOE8+K8Ox/z1oKTzxzCHzifP/f4jR4=</latexit><latexit sha1_base64="+PTdbIXoM63y7CJxaVM179UKHR0=">AAAB6XicbVB NS8NAEJ3Ur1q/qh69LBahXkoqgnorevFY0dhCG8pmO2mXbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v7Bo45TxdBjs YhVO6AaBZfoGW4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1Fjpvhqc9soVt+bOQJZJPScVyNHslb+6/ZilEUrDBNW6U3cT42dUGc4ETkrdVGNC2YgOsGOppB FqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI9cWXl4l3VruquXfnlcZ1nkY RjuAYqlCHC2jALTTBAwYDeIZXeHOE8+K8Ox/z1oKTzxzCHzifP/f4jR4=</latexit><latexit sha1_base64="+PTdbIXoM63y7CJxaVM179UKHR0=">AAAB6XicbVB NS8NAEJ3Ur1q/qh69LBahXkoqgnorevFY0dhCG8pmO2mXbjZhdyOU0J/gxYOKV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RRWVtfWN4qbpa3tnd298v7Bo45TxdBjs YhVO6AaBZfoGW4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1Fjpvhqc9soVt+bOQJZJPScVyNHslb+6/ZilEUrDBNW6U3cT42dUGc4ETkrdVGNC2YgOsGOppB FqP5udOiEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhJd+xmWSGpRsvihMBTExmf5N+lwhM2JsCWWK21sJG1JFmbHplGwI9cWXl4l3VruquXfnlcZ1nkY RjuAYqlCHC2jALTTBAwYDeIZXeHOE8+K8Ox/z1oKTzxzCHzifP/f4jR4=</latexit>
x
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2 IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1 pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2 IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1 pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2 IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1 pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2 IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1 pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>
y
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FIG. 1. Schematic views of the numerical setup. A liquid droplet with diameter D and density ρliq moves with a velocity U
under an angle α through air with density ρair towards a liquid pool. We define the trailing side as the left and leading side
as the right hand side of the droplet. (a) Side-view illustrating the parallel U‖ and perpendicular U⊥ velocity components. (b)
Front-view with a symmetry plane at z = 0. By simulating only one half of the domain and using a mirror boundary condition
on the plane we reduce the simulation time by approximately a factor of two.
[56–58]. The momentum and VOF equations solved are
∇ · u = 0, (1)
∂u
∂t
+ (u ·∇)u = 1
ρ
[
−∇p +∇ · µ(∇u +∇uT ) + ρa + σκδsn
]
, (2)
∂f
∂t
+∇ · (fu) = 0, (3)
where u is the velocity field, ρ the density, p the pressure, µ the viscosity, a optional body forces, σ the surface
tension, κ the surface curvature, δs a delta function on the interface between two fluids, n the surface normal vector
on this interface and f the volume fraction field used in the VOF method.
The fluid equations (1,2) are solved by a finite volume method over an adaptive Eulerian grid with the Bell-Colella-
Glaz second-order accurate advection scheme [59, 60]. The volume fraction field (3) is solved by a piecewise-linear
geometrical scheme by Scardovelli and Zaleski [61] together with a continuum surface force model for the surface
tension in (2) [56, 62].
A sketch of the numerical setup is given in figure 1. A spherical liquid droplet with diameter D and density ρliq
falls with a velocity U under an angle α through air with density ρair towards a liquid pool with density ρliq. We
define the leading side as the right- and trailing side as the left-hand side of the droplet. The pool depth is 8D, the
cubic simulation domain edges are 12D and the initial distance from the droplet to the pool is 0.1D. The density and
viscosity ratio between the liquid and gas phase in the simulation are ρliq/ρair = 1000, µliq/µair = 100, respectively.
To ensure stability of the simulation the Courant-Friedrichs-Lewy (CFL) condition is set to CFL = 0.05 [55]. Figure
1 shows a side view (a) and front view (b) of the simulation. A symmetry plane is enforced in the y − z plane (see
figure 1b) allowing us to simulate only half the droplet and save simulation time. Note that this constraint may
restrict the development of a Rayleigh-Taylor instability at the rim of the ejecta sheet, therefore if one is interested in
a detailed analysis of the fingering instability this constraint should be released. At the bottom of the pool no-slip and
impermeability conditions are used, while at the top of the domain free-slip and free-outflow conditions are imposed.
For the remaining side planes symmetry boundary conditions are used. The impact location is in the center of the
domain, such that the domain walls are of little influence on the early-time dynamics of the impact.
The grid is refined adaptively using the wavelet adaptation method, which is a build-in refinement strategy in the
Basilisk framework [63, 64]. The maximum refinement level on the grid is bounded to the computational resources
and time available, which leads to a maximum refinement level rmax = 12 and hence a theoretical maximum grid
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FIG. 2. A side-view of three different types of impact behaviour observed above and below the pool surface in the simulations
(top panel) and in the experiments (bottom panel) at identical times. From left to right: deposition (first column), single-sided
splashing (second column) and omni-directional splashing (last column). Simulation parameters (a) We = 187, α = 26◦, (b)
We = 400, α = 30◦ and (c) We = 600, α = 10◦. Experimental parameters (d) We = 180.5, α = 28.1◦, (e) We = 419, α = 27.9◦
and (f) We = 662, α = 0.6◦. Experiments by Gielen et al. [13].
resolution of 40963 or about 105 cells per droplet cross section when all volumes are refined. The refinement algorithm
is invoked every timestep and refines when the wavelet estimated error exceeds uerr = 10
−2 for the velocity field and
ferr = 5 ∗ 10−3 for the fraction field. Initially we refine the interface of the droplet to rmax while the rest of domain
stays at rinitial = 6. With these settings a typical simulation of a single impact event from the moment of impact
until the cavity closes takes about a month using a modern computer cluster in parallel. During the simulation we
set fraction field values lower than 10−4 to 0 and values higher than (1 − 10−4) to 1. This smoothing reduces noise
caused by tiny droplets and bubbles in the simulation that do not affect the overall dynamics but are costly to track.
This filtering may alter the dynamics of bubble entrapment, which is not the focus of the present work.
By neglecting the effect of the ambient air, oblique impact of a droplet onto a liquid pool can be characterized by four
dimensionless parameters: the Weber number We =
ρliqDU
2
σ , the Reynolds number Re =
ρliqUD
µliq
, the Froude number
Fr2 = U
2
gD and the impact angle α, where g is the gravitational acceleration [13]. We are interested in an impact regime
where the influence of Froude and Reynolds is negligible (in the experiments used for comparison [13] Fr ∈ [102− 103]
and Re ∈ [600 − 2500]). Hence in the simulations, the gravitational contribution is neglected, the impact velocity is
set to U = 1 and the liquid viscosity is set such that the Reynolds number is always equal to Re = 1000. We then
explore a simple two-dimensional phase space (We, α). Table I gives a list of the oblique droplet impact simulations
performed. We have chosen the simulations parameters (We, α) such that we cover a comprehensive set of splashing
phenomena in the phase space. These simulated parameters may therefore not always be a one-to-one match with
the experiments performed by [13]. In the analysis of the results it will turn out practical to discriminate between the
parallel Weber number We‖ =
ρliqDU
2
‖
σ and the perpendicular Weber number We⊥ =
ρliqDU
2
⊥
σ , where U‖ = U sin(α)
and U⊥ = U cos(α) are the velocity components parallel and perpendicular to the pool surface, respectively.
III. RESULTS
In this section we present our numerical results and we show a qualitative and quantitative comparison to the
experiments performed by Gielen et al. [13]. In III A the different types of impact phenomena are discussed and
classified. An overview of the early impact dynamics is given in section III B. The splashing threshold of the crown
above the pool is systematically studied in section III C. We discuss the cavity formation and evolution as function of
time and compare this result to a theoretical model in section III D. Finally, we show the maximum cavity dimensions
below the surface, i.e. the maximal cavity depth, maximal cavity displacement and collapse angle as function of
Weber number and impact angle in section III E.
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FIG. 3. Time series of a single-sided crown splash observed above and below the pool surface in the simulation (two top panels)
and in the experiment (bottom panel). Times are non-dimensionalized by ti = D/U , where t/ti = 0 corresponds to the moment
of first contact with the pool. Simulation parameters We = 400, α = 30◦, experiment We = 416.5, α = 28.5. (a) t/ti = 0.46:
when the droplet hits the surface a sheet ejects on the leading side of the impact area. (b) t/ti = 2.33: the sheet evolves into
a crown leading to several satellite droplets in the simulation that are hard to detect in the experiment. (c) t/ti = 8.22: the
crown further expands outwards and the satellite droplets are now clearly visible in both simulations and experiments. (d)
t/ti = 12.15: the crown retracts due to capillary forces and a finger appears at the leading side. (e) t/ti = 18.00: the liquid
finger collapses onto the pool due to surface tension forces. Experiments by Gielen et al. [13].
A. Impact phenomena
When a droplet obliquely impacts onto a pool, a cavity forms below the pool surface accompanied by an asymmetric
crown above the pool surface. In our simulations we observe three different impact phenomena similar to what has
been observed in experiments: deposition, single-sided splashing and omni-directional splashing [13]. Figure 2 shows
these three phenomena in both the simulation (top panel) and the experiments (bottom panel).
The first column (figure 2a and 2d) shows a deposition event for We = 187 and α = 26◦ (simulation) and We = 180.5
and α = 28.1◦ (experiment). Directly after impact a thin sheet ejects on the leading side of the impact cavity. The
impact energy of the droplet is not sufficient for this ejecta sheet to develop into a crown on all sides. Instead the ejecta
sheet retracts back towards the pool due to capillary forces without any breakup. We observe excellent qualitative
We α(◦) We α(◦)
187.5 28 400 60
200 15 400 75
200 40 600 10
200 45 600 20
250 35 600 45
250 60 600 75
300 20 674 28
400 12 800 20
400 20 1000 55
400 30 1400 45
400 40 1400 60
TABLE I. A list of simulations performed with the parameters as described in section II. The Reynolds number is fixed to
Re = 1000 in all simulations and the gravity is disabled.
5agreement of the simulation with the experiment.
The second column (figure 2b and 2e) shows a single-sided splash for We = 400 and α = 30◦ (simulation) and
We = 419 and α = 27.9◦ (experiment). Here, the impact energy is large enough for the ejecta sheet to develop several
fingers on the leading side of the cavity, which eventually break up into satellite droplets in both the simulation and
experiment. The resulting single-sided crown in the simulation compares very well with the overall crown shape of
the corresponding experiment.
Finally in the last column (figure 2c and 2f) an omni-directional splash is observed for We = 600 and α = 10◦
(simulation) and We = 662 and α = 0.6◦ (experiment). In this case the impact energy is large enough to induce a
crown with satellite droplets all around the cavity in both the simulation and the experiment.
Figure 3 shows the comparison of a detailed time series of a single-sided splash impact event in the simulation
(We = 400 and α = 30◦, two top panels) and in the experiment (We = 416.5 and α = 28.5◦, bottom panel). In
addition, the simulation provides a top view of the impact event. Time increases from left to right, with t/ti = 0
being the moment of first contact between the droplet and the pool, with ti = D/U the inertial time. The simulations
show that the droplet pushes liquid away on the trailing side (see top panel of figure 3a), effectively creating an air
layer between the pool surface and the impacting droplet. This air layer marks the start of a cavity forming below
the pool surface, as can be observed in the side view (see mid panel in figure 3a). The deepest point of this initial
cavity starts on the left side and ramps up along the edge of the impacting droplet towards the pool surface, see mid
and top view. Unfortunately, at this stage the cavity is too small to be captured in the experiments as can be seen
in the bottom panel. In the simulations, the impact causes the rise of the ejecta sheet on the leading side (see mid
panel in figure 3a). A similar ejecta sheet is observed in the experiment (bottom panel), but the resolution is too low
to clearly distinguish the ejecta sheet from the droplet.
In figure 3b, the ejecta sheet rises further above the surface and fingers appear on the peripheral side of the rim
in the simulation. The droplet is now fully submerged in the pool and the cavity has grown to cover the complete
impact area, as can be seen from both the side-view and the top-view. In the simulation, the fingers on the ejecta
sheet break up and result in satellite droplets, which is clearly visible in the top-view (top-panel). This break up is not
clearly visible in the experiment (bottom-panel), but the overall shape of the ejecta sheet is similar to the simulation.
Figure 3c shows the start of a capillary wave on the trailing side of the cavity that gradually deforms the cavity into
a hemispherical shape at later times, see figure 3d and figure 3e. Above the pool, the satellite droplets have clearly
separated from the ejecta sheet in both the simulation and experiment, which is now best described as a single-sided
crown. The fingers are retracting back to the rim of the crown. As the crown itself is also retracting, this causes the
fingers to move towards the leading side of the crown, which is clearly visible in the top view panels.
In figure 3d the retraction of the crown continues while there is only one large finger remaining on the leading side
of the crown, which is observed in both numerics and experiments. Finally, in figure 3e the cavity has reached its
maximum expansion. As the remaining finger collapses into the cavity, a capillary wave is triggered. At later times
(not shown here) this wave causes fluctuations in the cavity shape.
B. Impact dynamics
In the simulation we have access to the pressure and velocity fields induced in the liquid, which gives a detailed
view of the early impact dynamics. Figure 4 shows a cross-section of the velocity magnitude and streamlines during
impact at the mirror plane (z = 0) for different times t/ti and angles α at constant We = 400. In figure 5 we zoom
in on the ejecta sheet region on the leading side of the impacting droplet.
Figure 4a shows a perpendicular impact event and serves as a reference case for all consecutive oblique impacts. In
the first figure of this row, the droplet has not yet fully submerged into the pool and most of the momentum is still
concentrated in the impacting droplet. Inside the pool the streamlines show a symmetric velocity field around the
point of impact and bend towards the pool surface. We note that there is a small symmetry deviation between the
leading and trailing side of the impacting droplet, which is the result of the adaptive grid refinement strategy used
in the simulations. An ejecta sheet is formed on both sides of the impacting droplet, which is more clearly visible
in figure 5a. The maximum velocity is reached where the ejecta sheet is thinnest. At the edge of the ejecta sheet a
cylindrical rim forms due to surface tension forces. At later stages, the droplet fully submerges into the pool and a
symmetrically shaped cavity forms. The ejecta sheet keeps rising until it retracts at later stages (not shown).
Figure 4b shows an oblique impact event at α = 20◦. The ejecta sheet is no longer symmetric but larger on the
leading-side than on the trailing side. Figure 5b shows that the initial velocity magnitude inside the ejecta sheet
on the leading side is about 50% higher than the original impact speed of the droplet. Furthermore, the maximum
velocity in the ejecta sheet exceeds the one achieved during perpendicular impact, see top row. The second figure in
this row shows that a satellite droplet is created and as a result the tip now has an oval shape, also seen in the zoomed
figure 5b. Below the pool surface a cavity starts to form, which grows fastest in the direction of the impacting droplet
6FIG. 4. A cross-section of the velocity magnitude and streamlines in the liquid phase at the mirror plane (z = 0) (see figure
1) for We = 400 at different angles α and different times t/ti. The line y = 0 denotes the base level of the pool. The velocity
magnitudes (color bar) are scaled by the impact velocity U (note that color bar changes for each row). The light blue color
indicates the gas phase.
as shown by the streamlines and velocity magnitudes. Interestingly, the far-field velocity streamlines still resemble
the far-field streamlines of the perpendicular case.
The dynamics of an impacting droplet at α = 40◦ is shown in figure 4c. During impact a small air layer is entrapped
between the pool and droplet, which leads to a set of bubbles concentrated on the left side along the interface of
the coalescing droplet with the pool. These bubbles have a local effect on the velocity field which is clearly visible
in the first figure of 4c. The ejecta sheet on the trailing side is now better described as a liquid bump and carries
7FIG. 5. A zoom of the cross-section of the velocity magnitude and streamlines of the ejecta sheet on the leading side of the
impacting droplet at the mirror plane (z = 0) (see figure 1) for We = 400 at different angles α and different times t/ti. The
line y = 0 denotes the base level of the pool. The velocity magnitudes (color bar) are scaled by the impact velocity U (note
that color bar changes for each row). The light blue color indicates the gas phase.
little momentum. Instead, most of the momentum is concentrated in the ejecta sheet on the leading side where the
velocity magnitude is twice of the original impact speed of the droplet. In contrast to the perpendicular case, the
ejecta sheet initially grows in the direction along the pool surface but later on deflects upwards, see figure 5c. We
note that the evolution and shape of the ejecta sheet in figure 5b and 5c may have a grid dependence, i.e. depends on
the grid refinement history. Unfortunately, increasing the maximal grid resolution to r = 13 was not feasible with the
computational resources available to us today. The bubbles entrapped in the cavity do not seem to affect the cavity
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FIG. 6. Phase diagram of the impact behaviour as a function of the dimensionless splashing parameter We1/2Re1/4/K and
impact angle α for both the experimental results by Gielen et al. [13] (a) and the simulation results (b), where K is the critical
splashing number. The blue filled squares, black open circles and red closed triangles depict deposition, single-side splashing
and omni-directional splashing respectively. The solid and dotted lines are a scaling model that predict the transitions from
deposition to single-sided splashing and from single-sided splashing to omni-directional splashing, see main text. In both panels
we used c = 0.44 for the fit parameter measuring the mass-flow distribution around the crown.
evolution, which similar to previous cases grows faster in the direction of the impacting droplet. Again we note that
the far field streamlines resemble those of the perpendicular impact.
Finally, in figure 4d we show an impacting droplet at α = 60◦. Similarly to the previous case bubbles appear on the
left-hand side of the interface between the impacting droplet and pool. During impact the droplet partly coalesces
with the pool but also partly slides along the surface of the pool, as seen in the first figure of 4d. The contour lines
of the velocity field confirm this observation, since they form a closely packed layer between the impacting droplet
and the pool in which the magnitude and direction rapidly change. The ejecta sheet on the leading side is thicker
compared to the previous cases and expands parallel to the surface, as clearly visible in figure 5d. Here, the ejecta
sheet does not change direction over time and remains parallel to the surface in all plotted stages. The tip of the
sheet eventually falls down onto the pool (see second figure of 5d). The secondary impact of this sheet onto the pool
entraps another air layer on the leading side. Furthermore, the coalescence results in a complex wave pattern on the
surface as shown by last figure of 5d. The cavity does no longer resemble that of the perpendicular case and even the
far-field streamlines (on this scale) start to show asymmetry.
C. Splashing threshold
The three impact phenomena (deposition, single-sided splashing, omni-directional splashing) observed can be quan-
tified in a phase diagram. Figure 6 shows such a splashing phase diagram in terms of the impact parameters
We1/2Re1/4/K and α (as discussed by Gielen et al. [13]), where K is the critical splashing number. Figure 6a
shows the experimental results by Gielen et al. [13] and figure 6b shows the simulation results. The transitions be-
tween these different impact phenomena (denoted by the black solid and dotted lines) can be explained by the scaling
argument derived by Gielen et al. [13]. For completeness, we briefly repeat the argument here.
We assume that the mass flow into the crown is directly proportional to the mass flow into the pool [10]. Since the
droplet impacts under an angle α, the leading side of the crown accumulates more mass than the trailing side. The
mass balance of the crown reads [13]
ρlD
2U⊥ ± ρlcD2U‖ ∼ ρleDV, (4)
where the left-hand side represents the mass flow into the leading (+) and trailing (−) side of the crown, e  D is
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<latexit sha1_base64="4RI/D6IZOofaNJQ5gn5tofn7RNs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGC20oWy2k3bpZhN3N4US +ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqhVSj4BJ9w43AVqqQxqHAx3B4M/UfR6g0T+S9GacYxLQvecQZNVYK/G7eSamiQqCYdKs1t+7OQJaJV5AaFGh2q1+dXsKyGKVhgmrd9tzUBDlVhjOBk0on05hSNqR9bFsqaYw6yGdHT8iJVXokSpQtachM/T2R 01jrcRzazpiagV70puJ/Xjsz0WWQc5lmBiWbL4oyQUxCpgmQHlfIjBhbQpni9lbCBjYDZmxOFRuCt/jyMvHP6ld19+681rgu0ijDERzDKXhwAQ24hSb4wOAJnuEV3pyR8+K8Ox/z1pJTzBzCHzifP4kQkiQ=</latexit><latexit sha1_base64="4RI/D6IZOofaNJQ5gn5tofn7RNs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGC20oWy2k3bpZhN3N4US +ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqhVSj4BJ9w43AVqqQxqHAx3B4M/UfR6g0T+S9GacYxLQvecQZNVYK/G7eSamiQqCYdKs1t+7OQJaJV5AaFGh2q1+dXsKyGKVhgmrd9tzUBDlVhjOBk0on05hSNqR9bFsqaYw6yGdHT8iJVXokSpQtachM/T2R 01jrcRzazpiagV70puJ/Xjsz0WWQc5lmBiWbL4oyQUxCpgmQHlfIjBhbQpni9lbCBjYDZmxOFRuCt/jyMvHP6ld19+681rgu0ijDERzDKXhwAQ24hSb4wOAJnuEV3pyR8+K8Ox/z1pJTzBzCHzifP4kQkiQ=</latexit><latexit sha1_base64="4RI/D6IZOofaNJQ5gn5tofn7RNs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGC20oWy2k3bpZhN3N4US +ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqhVSj4BJ9w43AVqqQxqHAx3B4M/UfR6g0T+S9GacYxLQvecQZNVYK/G7eSamiQqCYdKs1t+7OQJaJV5AaFGh2q1+dXsKyGKVhgmrd9tzUBDlVhjOBk0on05hSNqR9bFsqaYw6yGdHT8iJVXokSpQtachM/T2R 01jrcRzazpiagV70puJ/Xjsz0WWQc5lmBiWbL4oyQUxCpgmQHlfIjBhbQpni9lbCBjYDZmxOFRuCt/jyMvHP6ld19+681rgu0ijDERzDKXhwAQ24hSb4wOAJnuEV3pyR8+K8Ox/z1pJTzBzCHzifP4kQkiQ=</latexit>
U?
<latexit sha1_base64="1VRLeKfoicB5TL+KMRMDo7OKm7s=">AAAB73icbVBNSwMxEM3Wr1q/qh69BIvgqeyKoN6KXjxWcG2lXUo2n W1Dk2xIskJZ+iu8eFDx6t/x5r8xbfegrQ8GHu/NMDMvVpwZ6/vfXmlldW19o7xZ2dre2d2r7h88mDTTFEKa8lS3Y2KAMwmhZZZDW2kgIubQikc3U7/1BNqwVN7bsYJIkIFkCaPEOukx7OVdBVpNetWaX/dnwMskKEgNFWj2ql/dfkozAdJSTozpBL6yUU60ZZTDpNLNDChCR2QAHUc lEWCifHbwBJ84pY+TVLuSFs/U3xM5EcaMRew6BbFDs+hNxf+8TmaTyyhnUmUWJJ0vSjKObYqn3+M+00AtHztCqGbuVkyHRBNqXUYVF0Kw+PIyCc/qV3X/7rzWuC7SKKMjdIxOUYAuUAPdoiYKEUUCPaNX9OZp78V79z7mrSWvmDlEf+B9/gB+fpBm</latexit><latexit sha1_base64="1VRLeKfoicB5TL+KMRMDo7OKm7s=">AAAB73icbVBNSwMxEM3Wr1q/qh69BIvgqeyKoN6KXjxWcG2lXUo2n W1Dk2xIskJZ+iu8eFDx6t/x5r8xbfegrQ8GHu/NMDMvVpwZ6/vfXmlldW19o7xZ2dre2d2r7h88mDTTFEKa8lS3Y2KAMwmhZZZDW2kgIubQikc3U7/1BNqwVN7bsYJIkIFkCaPEOukx7OVdBVpNetWaX/dnwMskKEgNFWj2ql/dfkozAdJSTozpBL6yUU60ZZTDpNLNDChCR2QAHUc lEWCifHbwBJ84pY+TVLuSFs/U3xM5EcaMRew6BbFDs+hNxf+8TmaTyyhnUmUWJJ0vSjKObYqn3+M+00AtHztCqGbuVkyHRBNqXUYVF0Kw+PIyCc/qV3X/7rzWuC7SKKMjdIxOUYAuUAPdoiYKEUUCPaNX9OZp78V79z7mrSWvmDlEf+B9/gB+fpBm</latexit><latexit sha1_base64="1VRLeKfoicB5TL+KMRMDo7OKm7s=">AAAB73icbVBNSwMxEM3Wr1q/qh69BIvgqeyKoN6KXjxWcG2lXUo2n W1Dk2xIskJZ+iu8eFDx6t/x5r8xbfegrQ8GHu/NMDMvVpwZ6/vfXmlldW19o7xZ2dre2d2r7h88mDTTFEKa8lS3Y2KAMwmhZZZDW2kgIubQikc3U7/1BNqwVN7bsYJIkIFkCaPEOukx7OVdBVpNetWaX/dnwMskKEgNFWj2ql/dfkozAdJSTozpBL6yUU60ZZTDpNLNDChCR2QAHUc lEWCifHbwBJ84pY+TVLuSFs/U3xM5EcaMRew6BbFDs+hNxf+8TmaTyyhnUmUWJJ0vSjKObYqn3+M+00AtHztCqGbuVkyHRBNqXUYVF0Kw+PIyCc/qV3X/7rzWuC7SKKMjdIxOUYAuUAPdoiYKEUUCPaNX9OZp78V79z7mrSWvmDlEf+B9/gB+fpBm</latexit>
↵
<latexit sha1_base64="GK3zHEr8sjfzP8R4AYe+UCdZTR8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUCbbT bt2swm7G6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZIpynyaiES1Q9RMcMl8w41g7VQxjEPBWuHoduq3npjSPJEPZpyyIMaB5BGnaKzU7KJIh9irVN2aOwNZJl5BqlCg0at8dfsJzWImDRWodcdzUxPkqAyngk3K3UyzFOkIB6xjqcS Y6SCfXTshp1bpkyhRtqQhM/X3RI6x1uM4tJ0xmqFe9Kbif14nM9FVkHOZZoZJOl8UZYKYhExfJ32uGDVibAlSxe2thA5RITU2oLINwVt8eZn457Xrmnt/Ua3fFGmU4BhO4Aw8uIQ63EEDfKDwCM/wCm9O4rw4787HvHXFKWaO4A+czx/3l47r</latexit><latexit sha1_base64="GK3zHEr8sjfzP8R4AYe+UCdZTR8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUCbbT bt2swm7G6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZIpynyaiES1Q9RMcMl8w41g7VQxjEPBWuHoduq3npjSPJEPZpyyIMaB5BGnaKzU7KJIh9irVN2aOwNZJl5BqlCg0at8dfsJzWImDRWodcdzUxPkqAyngk3K3UyzFOkIB6xjqcS Y6SCfXTshp1bpkyhRtqQhM/X3RI6x1uM4tJ0xmqFe9Kbif14nM9FVkHOZZoZJOl8UZYKYhExfJ32uGDVibAlSxe2thA5RITU2oLINwVt8eZn457Xrmnt/Ua3fFGmU4BhO4Aw8uIQ63EEDfKDwCM/wCm9O4rw4787HvHXFKWaO4A+czx/3l47r</latexit><latexit sha1_base64="GK3zHEr8sjfzP8R4AYe+UCdZTR8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUCbbT bt2swm7G6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZIpynyaiES1Q9RMcMl8w41g7VQxjEPBWuHoduq3npjSPJEPZpyyIMaB5BGnaKzU7KJIh9irVN2aOwNZJl5BqlCg0at8dfsJzWImDRWodcdzUxPkqAyngk3K3UyzFOkIB6xjqcS Y6SCfXTshp1bpkyhRtqQhM/X3RI6x1uM4tJ0xmqFe9Kbif14nM9FVkHOZZoZJOl8UZYKYhExfJ32uGDVibAlSxe2thA5RITU2oLINwVt8eZn457Xrmnt/Ua3fFGmU4BhO4Aw8uIQ63EEDfKDwCM/wCm9O4rw4787HvHXFKWaO4A+czx/3l47r</latexit>
L
<latexit sha1_base64="5puov2m8/Zu/Hvbse1+ETxmDeIg=">AAAB6HicbVA9SwNBEJ2LXzF+RS 1tFoNgFe5E0DJoY2GRgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aS oB/RoeQhZ9RYqXHfL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0 GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A6OJjNA=</latexit><latexit sha1_base64="5puov2m8/Zu/Hvbse1+ETxmDeIg=">AAAB6HicbVA9SwNBEJ2LXzF+RS 1tFoNgFe5E0DJoY2GRgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aS oB/RoeQhZ9RYqXHfL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0 GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A6OJjNA=</latexit><latexit sha1_base64="5puov2m8/Zu/Hvbse1+ETxmDeIg=">AAAB6HicbVA9SwNBEJ2LXzF+RS 1tFoNgFe5E0DJoY2GRgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aS oB/RoeQhZ9RYqXHfL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0 GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A6OJjNA=</latexit><latexit sha1_base64="5puov2m8/Zu/Hvbse1+ETxmDeIg=">AAAB6HicbVA9SwNBEJ2LXzF+RS 1tFoNgFe5E0DJoY2GRgPmA5Ah7m7lkzd7esbsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aS oB/RoeQhZ9RYqXHfL1fcqjsHWSVeTiqQo94vf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0 GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpHVR9dyq17is1G7yOIpwAqdwDh5cQQ3uoA5NYIDwDK/w5jw6L86787FoLTj5zDH8gfP5A6OJjNA=</latexit>
dmax
<latexit sha1_base64="xPeuRe6nkk+lzoXKDqJfqzn7jEI=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix6 8VjBfkAby2azaZfubsLuRFtC/ocXD4p49b9489+4bXPQ1gcDj/dmmJkXJIIbcN1vZ2V1bX1js7RV3t7Z3duvHBy2TJxqypo0FrHuBMQwwRVrAgfBOolmRAaCtYPRzdRvPzJteKzuYZIwX5KB4hGnBKz0EPazHrAxZJKM87xfqbo1dwa8TLyCVF GBRr/y1QtjmkqmgApiTNdzE/AzooFTwfJyLzUsIXREBqxrqSKSGT+bXZ3jU6uEOIq1LQV4pv6eyIg0ZiID2ykJDM2iNxX/87opRFd+xlWSAlN0vihKBYYYTyPAIdeMgphYQqjm9lZMh0QTCjaosg3BW3x5mbTOa55b8+4uqvXrIo4SOkYn6Ax5 6BLV0S1qoCaiSKNn9IrenCfnxXl3PuatK04xc4T+wPn8AXbmkyA=</latexit><latexit sha1_base64="xPeuRe6nkk+lzoXKDqJfqzn7jEI=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix6 8VjBfkAby2azaZfubsLuRFtC/ocXD4p49b9489+4bXPQ1gcDj/dmmJkXJIIbcN1vZ2V1bX1js7RV3t7Z3duvHBy2TJxqypo0FrHuBMQwwRVrAgfBOolmRAaCtYPRzdRvPzJteKzuYZIwX5KB4hGnBKz0EPazHrAxZJKM87xfqbo1dwa8TLyCVF GBRr/y1QtjmkqmgApiTNdzE/AzooFTwfJyLzUsIXREBqxrqSKSGT+bXZ3jU6uEOIq1LQV4pv6eyIg0ZiID2ykJDM2iNxX/87opRFd+xlWSAlN0vihKBYYYTyPAIdeMgphYQqjm9lZMh0QTCjaosg3BW3x5mbTOa55b8+4uqvXrIo4SOkYn6Ax5 6BLV0S1qoCaiSKNn9IrenCfnxXl3PuatK04xc4T+wPn8AXbmkyA=</latexit><latexit sha1_base64="xPeuRe6nkk+lzoXKDqJfqzn7jEI=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix6 8VjBfkAby2azaZfubsLuRFtC/ocXD4p49b9489+4bXPQ1gcDj/dmmJkXJIIbcN1vZ2V1bX1js7RV3t7Z3duvHBy2TJxqypo0FrHuBMQwwRVrAgfBOolmRAaCtYPRzdRvPzJteKzuYZIwX5KB4hGnBKz0EPazHrAxZJKM87xfqbo1dwa8TLyCVF GBRr/y1QtjmkqmgApiTNdzE/AzooFTwfJyLzUsIXREBqxrqSKSGT+bXZ3jU6uEOIq1LQV4pv6eyIg0ZiID2ykJDM2iNxX/87opRFd+xlWSAlN0vihKBYYYTyPAIdeMgphYQqjm9lZMh0QTCjaosg3BW3x5mbTOa55b8+4uqvXrIo4SOkYn6Ax5 6BLV0S1qoCaiSKNn9IrenCfnxXl3PuatK04xc4T+wPn8AXbmkyA=</latexit><latexit sha1_base64="xPeuRe6nkk+lzoXKDqJfqzn7jEI=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix6 8VjBfkAby2azaZfubsLuRFtC/ocXD4p49b9489+4bXPQ1gcDj/dmmJkXJIIbcN1vZ2V1bX1js7RV3t7Z3duvHBy2TJxqypo0FrHuBMQwwRVrAgfBOolmRAaCtYPRzdRvPzJteKzuYZIwX5KB4hGnBKz0EPazHrAxZJKM87xfqbo1dwa8TLyCVF GBRr/y1QtjmkqmgApiTNdzE/AzooFTwfJyLzUsIXREBqxrqSKSGT+bXZ3jU6uEOIq1LQV4pv6eyIg0ZiID2ykJDM2iNxX/87opRFd+xlWSAlN0vihKBYYYTyPAIdeMgphYQqjm9lZMh0QTCjaosg3BW3x5mbTOa55b8+4uqvXrIo4SOkYn6Ax5 6BLV0S1qoCaiSKNn9IrenCfnxXl3PuatK04xc4T+wPn8AXbmkyA=</latexit>
hmax
<latexit sha1_base64="gq5wfx0vJkFlbUTfeWm0kFwjKVY=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68 VjBfkBby2Y7aZduNmF3oi0h/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzYykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJko0hzqPZKRbPjMghYI6CpTQijWw0JfQ9Ec3U7/5CNqISN3jJIZuyAZKBIIztNLDsJd2EMaYhmycZb1S2a24M9Bl4uWkTHLUeq WvTj/iSQgKuWTGtD03xm7KNAouISt2EgMx4yM2gLalioVguuns6oyeWqVPg0jbUkhn6u+JlIXGTELfdoYMh2bRm4r/ee0Eg6tuKlScICg+XxQkkmJEpxHQvtDAUU4sYVwLeyvlQ6YZRxtU0YbgLb68TBrnFc+teHcX5ep1HkeBHJMTckY8ckmq5Jb USJ1woskzeSVvzpPz4rw7H/PWFSefOSJ/4Hz+AH0qkyQ=</latexit><latexit sha1_base64="gq5wfx0vJkFlbUTfeWm0kFwjKVY=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68 VjBfkBby2Y7aZduNmF3oi0h/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzYykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJko0hzqPZKRbPjMghYI6CpTQijWw0JfQ9Ec3U7/5CNqISN3jJIZuyAZKBIIztNLDsJd2EMaYhmycZb1S2a24M9Bl4uWkTHLUeq WvTj/iSQgKuWTGtD03xm7KNAouISt2EgMx4yM2gLalioVguuns6oyeWqVPg0jbUkhn6u+JlIXGTELfdoYMh2bRm4r/ee0Eg6tuKlScICg+XxQkkmJEpxHQvtDAUU4sYVwLeyvlQ6YZRxtU0YbgLb68TBrnFc+teHcX5ep1HkeBHJMTckY8ckmq5Jb USJ1woskzeSVvzpPz4rw7H/PWFSefOSJ/4Hz+AH0qkyQ=</latexit><latexit sha1_base64="gq5wfx0vJkFlbUTfeWm0kFwjKVY=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68 VjBfkBby2Y7aZduNmF3oi0h/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzYykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJko0hzqPZKRbPjMghYI6CpTQijWw0JfQ9Ec3U7/5CNqISN3jJIZuyAZKBIIztNLDsJd2EMaYhmycZb1S2a24M9Bl4uWkTHLUeq WvTj/iSQgKuWTGtD03xm7KNAouISt2EgMx4yM2gLalioVguuns6oyeWqVPg0jbUkhn6u+JlIXGTELfdoYMh2bRm4r/ee0Eg6tuKlScICg+XxQkkmJEpxHQvtDAUU4sYVwLeyvlQ6YZRxtU0YbgLb68TBrnFc+teHcX5ep1HkeBHJMTckY8ckmq5Jb USJ1woskzeSVvzpPz4rw7H/PWFSefOSJ/4Hz+AH0qkyQ=</latexit><latexit sha1_base64="gq5wfx0vJkFlbUTfeWm0kFwjKVY=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KokIeix68 VjBfkBby2Y7aZduNmF3oi0h/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzYykMuu63s7K6tr6xWdgqbu/s7u2XDg4bJko0hzqPZKRbPjMghYI6CpTQijWw0JfQ9Ec3U7/5CNqISN3jJIZuyAZKBIIztNLDsJd2EMaYhmycZb1S2a24M9Bl4uWkTHLUeq WvTj/iSQgKuWTGtD03xm7KNAouISt2EgMx4yM2gLalioVguuns6oyeWqVPg0jbUkhn6u+JlIXGTELfdoYMh2bRm4r/ee0Eg6tuKlScICg+XxQkkmJEpxHQvtDAUU4sYVwLeyvlQ6YZRxtU0YbgLb68TBrnFc+teHcX5ep1HkeBHJMTckY8ckmq5Jb USJ1woskzeSVvzpPz4rw7H/PWFSefOSJ/4Hz+AH0qkyQ=</latexit>
↵cm
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FIG. 7. Schematic side-view of the moment when the cavity reaches its maximum depth dmax, height hmax and angle αcm.
the thickness of the crown at the pool surface, V is the ejection velocity of the crown and c is a fit parameter that
accounts for the exact mass-flow distribution over the crown. To define the splashing threshold it is assumed that
breakup of the crown occurs when the crown ejection velocity V , scaled by the Taylor-Culick velocity VTC ∼
√
σ
ρle
,
exceeds a critical value of the splashing number K [10, 13]. By using e ∼ √νD/U for the thickness of the crown at
its base [8], we find as splashing criterion of the crown [13]
We1/2Re1/4
K
cos(α)5/4
[
1± c tan(α)
]
> 1. (5)
The value of K is determined from a perpendicular impact event (α = 0) and used for all other impacts. In the
simulation this leads to K ≈ 104 and K ≈ 130 for the experiment [13]. We note that the critical splashing number
is dependent on the spatial and temporal resolution of the simulation, i.e. sensitive to under resolution, but has
converged at the grid resolution used as described in section II. The fitting parameter c is set to c = 0.44, following
Gielen et al. [13].
The splashing criterion (5) predicts two transitions in the phase space: (i) a transition from deposition to single-
sided splashing when the splashing criterion is met on a single side of the crown (the solid line in figure 6) and (ii) a
transition from single-sided splashing to omni-directional splashing when the criterion is fulfilled on both sides of the
crown (the dashed line in figure 6). We note that (5) is a geometric argument and merely gives a dimensionless scale
for which we can expect breakup to happen based on the splashing criterion in the perpendicular case.
We find good quantitative agreement between the simulations, the experiments and the scaling model in all splashing
regimes. The experiments show a zone where all three impact behaviours overlap for We
1/2Re1/4
K ≈ 1 and α < 20◦ (see
panel a) [13] which is absent in both the model and the simulations (panel b). This impact region is sensitive to small
variations in the impact parameters in the experiment and the two-dimensional view makes it difficult to visually
distinguish between different impact behaviours. The simulation provides full 3D insight in the impact dynamics and
therefore allows for a better judgment on the splashing behaviour in this regime.
D. Cavity dynamics
We now turn to a quantitative analysis of the cavity dynamics. A schematic view of the cavity shape is given in
figure 7. We define the maximum cavity dimensions, similar to Gielen et al. [13], by the maximum cavity depth hmax,
maximum cavity displacement dmax and the maximum cavity angle αcm.
The cavity depth h as function of time t/ti is plotted in figure 8 for different Weber numbers and impact angles. It
turns out that the cavity dynamics at early times (t/ti < 4) follows the same trend for all impact angles studied. This
observation inspired us to describe the cavity depth evolution by a model that was previously derived for perpendicular
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FIG. 8. Cavity depth h/D as function of time t/ti for different Weber numbers and impact angles (symbols). The solid line
corresponds to the theoretical model (7) as derived by Berberovic´ et al. [65].
impacts [65, 66]. Here, the cavity depth is modeled as a hemisphere where the unsteady Bernoulli equation together
with a balance of stresses at the cavity interface is used to describe its evolution. In the limiting case of We 1 and
Fr 1 the evolution of the cavity depth reads [65, 66]
d2h
dt2
= − 3
2h
(
dh
dt
)2
, (6)
which has the solution
h(t/ti)/D = c1(5t/ti − c2)2/5, (7)
where c1 = 0.47 and c2 = 5.87 are constants determined by a least-square fit to the data with impact angles ≤ 30◦
(i.e. nearly perpendicular) for 2 < t/ti < 15, which is the regime where the model applies. The model captures the
simulation results with good accuracy for impact angles smaller than 30◦. When the impact angle is larger than 30◦
the cavity can no longer be modeled as an expanding hemisphere. Instead, due to the large impact angle the cavity is
stretched in the direction parallel to the pool surface, leading to a cone-shaped cavity. Indeed, in figure 4 we observe
that for 40◦ the streamlines start to deviate from the perpendicular impact case. As a result the cavity depth becomes
smaller than the depth predicted by the hemispherical model, as is clear from figure 8.
E. Cavity dimensions
Figure 9 gives an overview of the cavity dimensions hmax and dmax as function of We‖, We⊥ and α. In the top
two panels we show a double-logarithmic plot of the maximum cavity depth hmax (left) and the maximum cavity
displacement dmax (right) as function of respectively the perpendicular and parallel Weber number. The black open
circles represent the experimental results by Gielen et al. [13] and the red closed triangles are the numerical results.
The solid lines corresponds to a scaling argument that relates the kinetic energy of the droplet to the surface energy
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FIG. 9. (a) Double-logarithmic plot of the maximum cavity depth hmax as function of the Weber number We⊥ and (b) the
maximum displacement dmax as function of the parallel Weber number We‖. The solid line in (a) and (b) denotes the scaling law
(8,9) with prefactors of 0.19 and 0.12 taken from experiment and numerical results. (c) Maximum cavity angle αcm as function
of the impact angle α. The solid line in (c) is the line with αcm = α. The open black circles correspond to the experiments and
the closed red triangles to the simulations. The error bars in the simulation data are a result of the uncertainty in the cavity
depth and displacement, which are subject to fluctuations.
the cavity acquires, which leads to [13]
hmax
D
∼We1/2‖ , (8)
dmax
D
∼We1/2⊥ , (9)
where it was assumed that αcm ≈ α. The simulation results are in agreement with the experimental data. The scaling
argument confirms the trend for both the cavity depth and cavity displacement. There is however a large uncertainty
for low Weber numbers in the experimental data for the cavity displacement, since in this regime the displacement is
hard to measure [13].
Figure 9c shows a double-logarithmic plot of the maximum cavity angle αcm as function of the impact angle α.
Similar to the experimental results, we observe that the maximum cavity angle increases linearly with increasing
12
impact angle up to α ≈ 30◦. For larger impact angles, the cavity angle is smaller than the impact angle. This
effect was also observed in the experiments by Gielen et al. [13], and was attributed to energy dissipation by waves
tangential to the surface.
IV. DISCUSSION & CONCLUSION
We presented a numerical study of oblique droplet impact onto a deep liquid pool by using the adaptive volume-
of-fluid solver Basilisk. The splashing behaviour and cavity dynamics after impact were quantified as function the
Weber number and the impact angle. The numerical results were compared to recent experimental work by Gielen
et al. [13]. We found good qualitative and quantitative agreement between the numerical and experimental results on
the dynamics of both the sheet above and the cavity below the pool surface for a broad range of Weber numbers and
impact angles. In particular, the splashing threshold, the maximum cavity depth, maximum cavity displacement and
cavity angle were found to be in good agreement with the experiments.
The spatial and temporal resolution of the simulations was chosen such that the sheet dynamics up to the moment
of breakup and the cavity dynamics up to the moment the maximum cavity depth is reached are converged. These
resolution parameters are bound by the time and computational resources available, which limited us to a maximum
Weber number O(103). In the higher Weber number regime sharp interfaces and large velocity gradients dominate
the dynamics. Insufficient resolution may therefore cause the sheet and cavity dynamics to be captured incorrectly.
To be able to increase the grid resolution while maintaining a reasonable computation time we imposed a symmetry
condition in the y − z plane (see 1). We found that this symmetry condition improved the convergence of the overall
sheet dynamics. This constraint however may restrict the Rayleigh-Taylor instability from developing correctly at the
rim of the crown. For a detailed analysis of the fingering instability the constraint should therefore be released.
The numerical simulations provide a valuable addition to the experimental results, because they capture a fully 3D
view of the impact phenomenon which allows for a better judgment on the single-sided and omni-directional splashing
thresholds. In addition, the method provides access to velocity and pressure fields which are not available in the
experiments and allow to obtain more insight into the cavity and ejecta-sheet dynamics. Moreover, the method can
be used to explore impact parameters that are hard to reach experimentally, e.g. very large impact angles or high
droplet velocities.
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